Glaucoma is among the leading causes of blindness worldwide. The ocular disease is characterized by irreversible damage of the retinal ganglion cell axons at the level of the lamina cribrosa (LC). The LC is a porous, connective tissue structure whose function is unclear, but is believed to provide mechanical support to the axons as they leave the eye on their path from the retina to the brain. Early experimental glaucoma studies have shown that the LC remodels into a thicker, more posterior structure which incorporates more connective tissue after intraocular pressure (IOP) elevation. The process by which this occurs is unknown. Here we present a microstructure motivated growth and remodeling (G&R) formulation to explore a potential mechanism of these structural changes. We hypothesize that the mechanical strain experienced by the collagen fibrils in the LC stimulates the G&R response at the micro-scale. The proposed G&R algorithm controls collagen fibril synthesis/degradation and adapts the residual strains between collagen fibrils and the surrounding tissue to achieve biomechanical homeostasis. The G&R algorithm was applied to a generic finite element model of the human eye subjected to normal and elevated IOP. The G&R simulation predicted the biomechanical necessity of a LC at normal IOP. The numerical results suggest that IOP elevation leads to LC thickening due to an increase in collagen fibril mass, which is in good agreement with experimental observations in early glaucoma monkey eyes. This is the first study to demonstrate that a biomechanically-driven G&R mechanism can lead to the LC thickening and migration observed in early experimental glaucoma.
Introduction 1
Glaucoma is a leading cause of blindness in the world 2 and is due to the loss of retinal ganglion cell axons. In Section 2 of this manuscript we present the theo-83 retical framework of the proposed G&R algorithm. In 
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where the homeostatic mechanical state is defined at 176 the micro-level through the stimulus function φ in (1).
177
The parameter τ R in (4) relates to the remodeling time 178 needed to achieve homeostasis. into an elastic F e and an growth part F g (Rodriguez 185 et al., 1994)
187
The volume change of a differential volume element is 188 defined by the determinate of F which can be also split 189 according to (5) into elastic and growth related volume
Here, the volume elements dV, dV g and dV 0 relate to redefined by the growth Jacobians of its constituents
Equation (11) can be further simplified as we assume 
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The volumetric growth in collagen fibrils is weighted by 271 the function k
where τ g represents the collagen fibril deposition time.
274
To assure the functionality of LC, we assume that the 
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Note that while the stimulus φ in the evolution equation 
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Let us assume that the strain energy density W stored 
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where K is the bulk modulus.
325
Following our previous work (Grytz, 2008; Grytz and 326 Meschke, 2010), the collagen fibril architecture is rep-
327
resented by a generalized structure tensor 
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Note that due to the dedicated growth of the LC in its 
352
Note that the solution of (26) will provide both the cur- 
Numerical results
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Selected numerical results of the G&R simulation
434
showing the evolution of the LC at time t = t 0 , t 1 , t 2 are 435 presented in Figure 6 . We assume that neural canal tis- algorithm. The residual stretch was minimal at t = t 1 . 
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The proposed G&R algorithm was applied to a : G&R simulation results showing the neural canal tissues, the peripapillary sclera, the pia matter, and the evolution of the LC at time t = t 0 , t 1 , t 2 . Left column (t = t 0 ): model with initial uniform collagen content throughout the tissues within the neural canal subjected to normal IOP (15 mmHg). Middle column (t = t 1 ): model homeostasis at normal IOP (15 mmHg). Right column (t = t 2 ): model homeostasis after IOP elevation (25 mmHg). Evolution of (top row) the collagen fibril volume fraction n col g ; (middle row) the residual stretch λ R ; and (bottom row) the collagen fibril stretch λ fib . The surfaces of the LC were defined as those that enclose the neural canal tissue volume with a collagen fibril volume fraction n col g of 10% or more.
the structure of the LC as follows to maintain the hy- 
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In conclusion, the presented G&R algorithm con- 
